1. Introduction {#sec1}
===============

Cancer is a dangerous class of disease involving abnormal tissue growth involving abnormal tissue growth that divides in uncontroll manner and spreads to almost anywhere in the body. The standard strategies used for the treatment of cancer diseases include surgical excision, chemotherapy, and radiotherapy either individually or in combination. However, these treatment approaches possess significant side effects. Recently scientists and researchers are working to discover new treatments for cancer-based on the use of new-featured materials. Nanotechnology has the potential to improve current approaches while reducing toxicity and negative effects associated with traditional treatments. Metal nanoparticles have a significant increase in usage in various fields, like electronics \[[@bib1]\], catalyst \[[@bib2]\], medicine \[[@bib3]\] and biotechnology \[[@bib4]\]. Silver nanoparticles are widely used in many fields especially at medical and health fields \[[@bib5]\] because of their unique physicochemical, and biological therapeutic properties as antibacterial \[[@bib6], [@bib7], [@bib8]\] antiviral \[[@bib9]\], antifungal \[[@bib10]\], anti-inflammatory \[[@bib11], [@bib12]\] and anticancer \[[@bib13], [@bib14]\]. Silver nanoparticles have been extensively carried out biomedical areas as treatment of wounds \[[@bib15]\] and burns \[[@bib16]\], water purification \[[@bib17], [@bib18]\], air filter \[[@bib19]\], textile industry \[[@bib20], [@bib21]\] and healthcare products. In recent years, many eco-friendly methods \[[@bib22], [@bib23]\] have been employed in the synthesis of silver nanoparticles using biological materials like bacteria \[[@bib24], [@bib25]\], fungi \[[@bib26], [@bib27]\] and plant extracts. These methods are simple, nontoxic and acceptable for biomedical applications. Synthesis of AgNPs using plant extracts is simple, low-cost and does not require special conditions like in other chemical and biological methods. The present study deals with the synthesis of silver nanoparticles using an aqueous extract of *Eucalyptus Camaldulensis* leaves (AEECL). *Eucalyptus Camaldulensis* is the most common *Eucalyptus* genus of *Myrtaceae* family, widely planted in our region. Nevertheless, *Eucalyptus camaldulensis* leaves contain a wide range of bioactive compounds including saponins, tannins, flavonoids, carbohydrate and proteins \[[@bib28]\], which play important roles as reducing and capping agent during the formation of nanoparticles \[[@bib29], [@bib30]\]. There are many articles published on the synthesis of AgNPs using different species of *Eucalyptus* such as *Eucalyptus corymbia* \[[@bib31]\], *Eucalyptus globules* \[[@bib32]\], *Eucalyptus critriodora* \[[@bib33]\], and *Eucalyptus tereticornis* \[[@bib34]\] etc... But, few studies have been reported in the using of aqueous extract of *Eucalyptus camaldulensis* leaves for synthesis silver nanoparticles \[[@bib30]\].

To the best of our knowledge, this is the first report showing the potent anticancer of silver nanoparticles biosynthesized using AEECL extract against human colon cancer cells (Caco-2).

2. Materials and methods {#sec2}
========================

2.1. Materials {#sec2.1}
--------------

**Materials:** silver nitrate (AgNO~3~), MTT (3- (4,5-dimethylthiazol-2-yl) -2, 5-diphenyltetrazolium bromide) and all other chemicals were purchased from sigma Aldrich. Freshly prepared distilled water was used throughout the experiments.

2.2. Preparation of the aqueous *Eucalyptus camaldulensis* leaves extract {#sec2.2}
-------------------------------------------------------------------------

In our previous study \[[@bib30]\], we compared three different methods for preparing an aqueous extract of *Eucalyptus Camaldulensis* leaves (AEECL) and the chemical analysis showed that the extract prepared by boiling dried leaves for 10 min contains the highest amount of phenolic compounds and the better ability as free-radical scavenger compared to other prepared extracts. So it is the best candidate as a reducing agent for synthesis of silver nanoparticles. In this study, the same procedure has been used. Fresh and healthy *Eucalyptus Camaldulensis* leaves (ECL) were collected and cleaned with distilled water to remove all the dust and unwanted visible particles, then dried to constant weight \[[@bib35]\] at 60 °C for 2 h to remove the residual moisture. Dried leaves were powdered and stored in a sealed bag until the extraction process. The aqueous extract was prepared by adding 3 g of dried ECL to 30 mL of distilled water and boiled for 10 min. After that, the macerate was centrifuged at 9500 rpm for 5 min to remove any particles. Then the resulting supernatant was filtered by Whatman No.1 filter paper and stored into a dark container at refrigerator temperature.

2.3. Synthesis of silver nanoparticles {#sec2.3}
--------------------------------------

An aqueous solution (0.02 M) of silver nitrate was prepared by dissolving 0.068 g of AgNO~3~ in 20 mL of distilled water. Then 4 mL of the prepared aqueous *Eucalyptus Camaldulensis* leaves extract was added after it has been completed to 20 mL by adding distilled water. The mixture was kept under stirring at room temperature for almost half an hour to ensure the homogeneous reduction process. The colourless solution of silver nitrate changed to brownish-yellow immediately and then changed to dark brown within a short period (10 min), indicating the formation of AgNPs. The colloidal nanosilver solution was kept at room temperature for 24 h to complete reduction.

2.4. Purification of biosynthesized silver nanoparticles {#sec2.4}
--------------------------------------------------------

After 24 h of incubation, silver nanoparticles were separated by centrifugation at 9500 rpm for 10 min, the residue was collected and washed twice with distilled water and last with ethanol and dried at room temperature. This operation was applied to get rid of any uncoordinated biological materials and to remove the excess silver ions. The colloidal sample was prepared by adding a small amount of distilled water to the washed silver nanoparticles and dissolve it using the ultrasonic bath for 15 min

2.5. Characterization of silver nanoparticles {#sec2.5}
---------------------------------------------

The preliminary characterization of AgNPs was carried out using UV-visible spectrophotometer (Cary 5000) and a cell with 1cm path length. The analysis was done after diluting a small aliquot of the suspension into distilled water (1:4). The baseline was corrected using the prepared AEECL extract. The surface morphology (size and shape) of silver nanoparticles was characterized by SEM (JSM-6700F JEOL GmbH). The sample was prepared by drop-casting, a small drop of CN--Ag was placed on a carbon-coated graphite grid and allowed to dry by using a hairdryer for 5 min. Then readings were taken at ×150K magnification with steady voltage (20 kV). EDS analysis was performed to confirm the presence of silver by detecting the rays being emitted from the NPs representing as peaks at particular electron volt. The particle size distribution and zeta potential of the prepared AgNPs were determined by the DLS technique using Zetasizer Nano ZS from Malvern. Zeta potential measurements were carried out by injecting 1mL of the sample into the zeta cell. For DLS analysis, 1mL of the sample was transferred into a plastic cuvette and automatically equilibrated in the instrument for a few minutes. An aliquot of CN-NPs was diluted with DI-water, then sonicated for 5 min before the measurements. All measurements were recorded in triplicate. The particle size distribution and concentration of Ag were also analyzed using Nanoparticle Tracking Analysis technology. To obtain optimum imaging concentrations, some samples were diluted in DI-water, A volume of 0.3 mL of each sample was measured 3 times with high sensitive camera. All data were analyzed using the instrument software (NanoSight™).

2.6. Cell line and culture {#sec2.6}
--------------------------

Human colon cancer (Caco-2) cell line was purchased from the Human cell culture laboratory in atomic energy commission of Syria. Caco-2 cells were cultured in RPMI 1640 medium containing 5% fetal bovine serum (FBS), 50 U/mL penicillin/streptomycin and 2mM L-glutamine. The cells were plated in 96-well plates at a density 2×10^4^ cells/well and allowed to adhere overnight at 37 °C (95 % humidity, 5% CO2). Cultures were examined using an inverted microscope to evaluate the quality of confluence and confirming the absence of bacterial and fungal contaminants. The medium was replaced with fresh medium with varying concentrations of AgNPs suspensions (5, 10, and 30 μg/mL). These values were chosen according to the results of Kiran Jadhav *et al* \[[@bib36]\] which demonstrated the absence of toxicity against normal human fibroblasts and blood erythrocytes at concentrations of silver nanoparticles less than 78 μgmL^−1^. The cells were treated at three different time intervals (24, 48, and 72 h).

2.7. MTT assay {#sec2.7}
--------------

Cytotoxicity of the biosynthesized AgNPs was examined after 24, 48 and 72 h of treatment by MTT (Thiazolyl Blue Tetrazolium Bromide) assay. After incubation time, 20 μl of MTT (5 mg/mL) was added and the cells were incubated again for another 4 hrs at 37 °C in CO~2~ incubator. The formazan crystals formed by mitochondrial reduction of MTT were solubilized in 150 μL of DMSO (dimethyl sulphoxide) which was added to each well and mixed, then the absorbance at 540 nm was measured using the microplate reader (biotek-epoch). Each experiment was performed in triplicate and the percentage of cell viability was calculated by the following formula:$$\text{percentage}\ \text{of}\ \text{cell}\ \text{viability} = \frac{\text{A}_{\text{treatment}} - \text{A}_{\text{blank}}}{\text{A}_{\text{control}} - \text{A}_{\text{blank}}}\text{x}100$$where the Blank is RPMI and AgNPs and the control is RPMI and cancer cells.

2.8. Statistical analysis {#sec2.8}
-------------------------

The experimental results were expressed as mean ± standard deviation of three independent experiments. The data were analyzed using one way ANOVA using origin program version 8.5.

3. Results and discusion {#sec3}
========================

A rapid change of mixture colour from pale yellow to brownish-yellow within 10 min (see the inset [Figure 1](#fig1){ref-type="fig"}), indicated the high antioxidant activity of *Eucalyptus camaldulensis* leave aqueous extract which related to a wide range of bioactive compounds containing in the aqueous extract (AEECL) such as alkaloids, flavonoids, phenols, tannins, saponins, terpenoids, amino acids and proteins \[[@bib28]\]. These different biomolecules play an important role as reducing, chelating and capping agents \[[@bib37]\]. Flavonoids contain many functional groups involved in the formation of silver. Some flavonoids can chelate silver ions at positions involving the carbonyl and hydroxyl (--OH) groups. It can also release a reactive hydrogen atom that can reduce metal ions to form silver nanoparticles \[[@bib38]\]. Terpenoids also play an important role as a capping and reducing agent. It could be adsorbed on the surface of AgNPs enabling their reduction from Ag^+^ and preventing them from agglomeration \[[@bib39], [@bib40]\]. Amino acid can also reduce and bind silver ions through amino and carbonyl groups \[[@bib41]\].Figure 1UV--Visible absorption spectrum of the synthesized silver nanoparticles at different times (10, 30, and 120 min). The inset is a photograph for changing colour within different time (10, 30, and 120 min).Figure 1

[Figure 1](#fig1){ref-type="fig"} shows the UV--Visible absorption spectrum of the synthesized AgNPs at different incubation time (10, 30, and 120 min). The presence of single SPR peaks at 449 nm give first evidence of silver nanoparticles formation. Increasing the reaction time resulted in a gradual increasing of SPR peaks intensity. The level of absorption reached and 2.2 after 2 h of incubation, thus indicating that more Ag-NPs are formed as the period of reaction increases \[[@bib42]\]. The SEM analysis was further employed to investigate the size and morphology of the synthesized EC-AgNPs as depicted in [Figure 2](#fig2){ref-type="fig"}(a). SEM image of AgNPs indicated that the nanoparticles were spherical and mostly dispersed with small size (12 nm). This result can be correlated with the single SPR spectrum obtained in the UV-visible spectrophotometric analysis. This indicates that *Eucalyptus camaldulensis* leaves served as a good reductant and a capping or a stabilizing agent in the synthesis of AgNPs. Additionally, the presence of metallic silver in the synthesized EC-AgNPs was confirmed by elemental composition (EDS) analysis ([Figure 2](#fig2){ref-type="fig"}(b)).Figure 2a) SEM image and b) EDX spectrum of silver nanoparticles prepared using aqueous extract of *Eucalyptus Camaldulensis* leaves.Figure 2

The EDS spectrum showed an intense sharp silver peak at 3 keV, which is the characteristic absorption of metallic silver. The other weak signals of Cl and O elements were also observed, which may be due to biomolecules and phytoconstituents of *Eucalyptus camaldulensis* attached to the surface of silver nanoparticles. Similar results have been included in the literature previously \[[@bib34], [@bib43]\]. The particles size Vs number distribution graph obtained from the dynamic light scattering analysis (DLS) of colloidal nanosilver CN--Ag synthesized by the bioreduction process using AEECL were shown in [Figure 3](#fig3){ref-type="fig"}. It indicates that the average size of AgNPs was around 10 nm. For the confirmation of monodispersity, DLS results indicate 0.304 PDI, which depicts that the nanoparticles are well dispersed in the used solvent i.e. water. Comparing the average size of AgNPs from the two calculation technologies (SEM and DLS) reveals that the dimension values are highly correlated. The zeta potential describes the degree of stability of colloidal dispersion nanoparticles. The zeta potential of synthesized CN--Ag was -23 mV, which indicates the high stability of AgNPs. A negative value suggests that the surface of the nanoparticles is negatively charged as shown in [Figure 3](#fig3){ref-type="fig"}, which causes a strong electrostatic repulsion force between the particles, thus increases the stability of the formulation AgNPs without adding any capping agent. This is very important for using at a therapeutic propose. NanoTracking Analysis measurement revealed diameter distributions of the CN--Ag with a mode size of 23 nm (see [Figure 4](#fig4){ref-type="fig"}). The total concentration of EC-AgNPs measured with NTA was 13.99 E8 particles/mL.Figure 3a) Particles size distribution by number and b) zeta potential of colloidal nanosilver synthesized using aqueous extract of *Eucalyptus Camaldulensis* leaves.Figure 3Figure 4A) particles size distribution, B) A video frame, C) 2D scattergram, D) 3D plot and E) results from NTA for colloidal nanosilver synthesized using aqueous extract of *Eucalyptus Camaldulensis* leaves.Figure 4

3.1. Cytotoxicity and determination of half maximal inhibitory concentration of CN--Ag (IC~50~) {#sec3.1}
-----------------------------------------------------------------------------------------------

In the present investigation, Human colon cancer (Caco-2) cell line was employed to evaluate the anticancer potential activity of CN--Ag. The cytotoxicity of colloidal nanosilver was investigated using a colourimetric MTT assay. Caco-2 cells were treated with CN--Ag at different concentrations 5, 10 and 30 μgmL^−1^ and evaluated for cell viability after various exposure times 24, 48 and 72 hrs (see [Figure 5](#fig5){ref-type="fig"}).Figure 5MTT assay for cytotoxicity investigation of colloidal nanosilver against Caco-2 cells at different concentrations 5, 10 and 30 μgmL^−1^ and various exposure times 24, 48 and 72 h.Figure 5

The morphology of Caco-2 cells treated with CN--Ag was significantly changed in comparing with the untreated cells. The treated cells showed apoptotic-like symptoms such as cell shrinkage and irregularity in their shapes which observed in [Figure 6](#fig6){ref-type="fig"}(A). The bar diagram of the MTT cell viability assay results represented in [Figure 6](#fig6){ref-type="fig"}(B). Significant differences were showed statistically between the treated and control cells. This indicated the anticancer activity of CN--Ag on the tested cell line. However, a further increase in dose and time cause cell death which confirm the dose and the time-dependent response relationship. The higher concentration of CN--Ag (30 μgmL^−1^) was found to be very toxic against Caco-2 cell line. It has a high capacity of reducing the cell viability percentage lower than 10%. In the other hand, the other concentrations (5 μgmL^−1^ and 10 μgmL^−1^) significantly inhibit the cell growth by more than 50% and 70% after 48h and 72h exposure time respectively. The inhibition of cell growth by increasing the concentration of CN--Ag could be attributed to the apoptotic effect of silver nanoparticles. Effect of silver nanoparticles in the induction of apoptosis has been studied previously and different mechanisms of the potential cytotoxicity of silver nanoparticles have been investigated such as activation of apoptotic caspases, DNA fragmentation, nuclear fragmentation, ROS generation, leakage of LDH and also altering mitochondrial membrane potential \[[@bib14], [@bib44], [@bib45], [@bib46]\]. The IC~50~ of CN--Ag was calculated using linear regression for a dose-dependent curve that obtained the effect of different concentrations of silver nanoparticles on Caco-2 cell line as showed in [Figure 7](#fig7){ref-type="fig"}. The IC~50~ value was found to be 18 μgmL^−1^ for 24 h of incubation. This result showed that the CN--Ag could be more effective than phosphate-buffered AgNPs used by Meike van der Zande *et al* against Caco-2 cell line \[[@bib47]\], where the tested doses in their work (5 and 25 μgmL^−1^) displayed mild cytotoxicity against Caco-2 cells after 24 h of treatment. Also, another study by Bouwmeester *et al* showed the absence of toxicity for phosphate buffered AgNPs up to 50 *μgmL*^−1^ to Caco-2 cells \[[@bib48]\].Figure 6A) Morphological changes by inverted microscope (x40) in Caco-2 cells treated with colloidal nanosilver after 48h. B) Caco-2 cells viability at different concentrations: 5, 10, and 30 μg/mL and different exposure times: 24, 48, and 72 h. Results of MTT assay are represented as mean number ± SD of three independent experiments. Statistical significance was assessed by a one way ANOVA: ∗∗*p* \< 0.05 was considered significant; ∗∗∗*p* \< 0.001 very highly significant compared with the control.Figure 6Figure 7A linear regression for a dose-dependent curve of colloidal nanosilver on Caco-2 cell line at different concentrations 5, 10 and 30 μgmL^−1^ and various exposure times 24, 48 and 72 h.Figure 7

Notably, the concentration 5 μgmL^−1^ in our study reduced the cell viability to 50% subtracted to the control after 48 h and that confirmed the time-dependent of CN--Ag cytotoxic effect. So increasing exposure time reduces the effective concentration against Caco-2 cells. That result was obtained after 72 h of exposure; all the applied concentrations of CN--Ag demonstrated less than 30% of cell viability.

4. Conclusion {#sec4}
=============

A simple, inexpensive, eco-friendly and green method using an aqueous extract of *Eucalyptus camaldulensis* leaves has reported for synthesis a small size silver nanoparticles 12 nm without any protecting or capping reagents. The cytotoxicity assay against Caco-2 cell line showed a dose-dependent and a time-dependent effect of CN--Ag. A small concentration (5 μgmL^−1^) reduced the cell viability to 50% after 48h of exposure. The high cytotoxicity of CN--Ag at low concentrations open new prospects for the development of novel therapeutic approaches against human colon cancer Caco-2.
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